Coronavirus subgenomic mRNA (sgmRNA) transcription requires a discontinuous RNA synthesis mechanism driven by the transcription-regulating sequences (TRSs), located at the 3 end of the genomic leader (TRS-L) and also preceding each gene (TRS-B). In transmissible gastroenteritis virus (TGEV), the free energy of TRS-L and cTRS-B (complement of TRS-B) duplex formation is one of the factors regulating the transcription of sgmRNAs. In addition, N gene sgmRNA transcription is controlled by a transcription-regulating motif, including a long-distance RNA-RNA interaction between complementary proximal and distal elements. The extension of complementarity between these two sequences increased N gene transcription. An active domain, a novel essential component of the transcription-regulating motif, has been identified. The active domain primary sequence was necessary for its activity. Relocation of the active domain upstream of the N gene TRS core sequence in the absence of the proximal and distal elements also enhanced sgmRNA N transcription. According to the proposed working model for N gene transcriptional activation, the long-distance RNA-RNA interaction relocates the distant active domain in close proximity with the N gene TRS, which probably increases the frequency of template switching during the synthesis of negative RNA. The transcriptionregulating motif has been optimized to a minimal sequence showing a 4-fold activity increase in relation to the native RNA motif. Full-length TGEV infectious viruses were generated with the optimized transcriptionregulating motif, which enhanced by 5-fold the transcription of the 3a gene and can be used in expression vectors based in coronavirus genomes.
Transmissible gastroenteritis virus (TGEV) is a member of the Coronaviridae family included in the Nidovirales order, which also comprises the Arteriviridae and Roniviridae families (3, 6) (see http://talk.ictvonline.org/media/g/vertebrate-2008/default .aspx). TGEV has a positive-sense single-stranded RNA genome of 28.5 kb. The 5Ј two-thirds of the TGEV genome comprises open reading frames 1a and 1ab, which encode the replicase proteins. The 3Ј third of the genome encodes structural and group accessory proteins in the order 5Ј-S-3a-3b-E-M-N-7-3Ј. The generation of subgenomic mRNAs (sgmRNAs) is a common strategy in many plus-stranded RNA viruses to regulate the expression of viral proteins encoded at the 3Ј end of the genome (5, 6, 17, 22) . To express structural and accessory genes, coronaviruses (CoVs) form a nested set of coterminal mRNAs that share the same 5Ј and 3Ј ends with the genome. CoV transcription includes a discontinuous RNA synthesis step during the production of the minus-stranded RNAs. These RNAs are used as templates to produce the plus-stranded sgmRNAs (22, 28, 35) . This discontinuous process is guided by the transcription-regulating sequences (TRSs), located at the 3Ј end of the genomic leader sequence (TRS-L) and also preceding each gene (body TRSs [TRS-Bs]). TRSs include a conserved core sequence (CS) which, in the case of TGEV, is 5Ј-CUAAAC-3Ј, and variable 5Ј-and 3Ј-flanking sequences that are essential for efficient sgmRNA production (28, 35) .
According to the CoV transcription model with the widest experimental support (24, 25, 27, 28, 35) , TRS-Bs lead to the formation of dynamic complexes with the TRS-L associated with viral and cellular proteins. These complexes most likely promote the stop of elongation of the minus-stranded RNA at each TRS-B and the template switch to the TRS-L. The basepairing between the cTRS-B (in the nascent minus strand) and TRS-L (in the plus-strand genome) is a highly significant factor among those contributing to the regulation of CoV transcription and the production of sgmRNAs of different sizes (28, 35) . CoV transcription is controlled by other factors, such as the proximity of the gene to the 3Ј end of the genome, which increases the synthesis of the 3Ј-proximal sgmRNAs (22) . It has also been suggested that protein-protein or RNA-protein interactions are involved in CoV transcription regulation (5, 27) . Another factor that regulates CoV transcription is based on a long-distance RNA-RNA interaction (21) . A good correlation was established between the amount of each sgmRNA produced during TGEV infection and the base-pairing score between TRS-L and the corresponding cTRS-B, with the clear exception of sgmRNA N. In this case, the base-pairing score between TRS-L and cTRS-N was one of the lowest, whereas sgmRNA N was the most abundant mRNA (21) , indicating that additional factors must be involved in the regulation of N gene transcription. Interestingly, two 9-nucleotide (nt) motifs with complementary sequences were identified 5Ј upstream of the N gene. The proximal element (pE; 5Ј-AUUACAUAU-3Ј) was located 7 nt upstream of CS-N, whereas the distal element (dE; 5Ј-AUAUGUAAU-3Ј), unique in the TGEV genome, was located 449 nt upstream of CS-N. The requirement of the complementarity between these proximal and distal elements has been documented (21) . This was the first time that a longdistance RNA-RNA interaction, such as those regulating sgmRNA transcription in tombusviruses by a premature termination mechanism (13) , was associated with transcriptional regulation in the Nidovirales order. The proximal and distal elements and their relative positions in the viral genome are conserved within the ␣1 genus of CoVs. The most 3Ј gene in the CoV ␣1 genus genome is gene 7. In contrast, in other CoVs and arteriviruses, the N gene is located at the 3Ј end of the genome; this position would favor its transcription (21) . The described long-distance RNA-RNA interaction between the proximal and distal elements most probably creates a structural motif that stops the transcription complex progress at the TRS-N, promoting the nascent minus-stranded RNA template switch to the TRS-L, leading to an increase of sgmRNA N levels (21) . This unique RNA motif may contribute to increase the amount of N protein produced. This protein is an abundant structural CoV protein and is also required for CoV transcription (5, 34) .
In this report, it is shown that the amount of sgmRNA N is directly proportional to the extent of complementarity between proximal and distal RNA sequences located 5Ј upstream of the N gene TRS and inversely correlated with the distance between proximal and distal elements. A novel essential element of the sgmRNA N transcription-regulating motif has been identified, the active domain, consisting of a 173-nt region at the 5Ј flank of the distal element. The active domain sequence and genome location are mainly conserved in the CoV ␣1 genus. The relocation of the active domain upstream of CS-N, in the absence of proximal and distal elements, also enhanced sgmRNA N transcription. The primary sequence of the active domain was essential for N gene transcription enhancement, suggesting that this domain might be involved in sequencedependent RNA-RNA or RNA-protein interactions. An optimized transcription-regulating motif was engineered with a reduced length (250 nt) and 4-fold-higher activity than that of the native transcription-regulating motif. This transcriptionregulating motif also enhanced the transcription of an alternative gene that, in addition, could be located at a different genome position. Infectious TGEVs were engineered with the optimized transcription-regulating motif enhancing the transcription of the 3a gene up to 5-fold. These RNA motifs might be useful for enhancing transcription of heterologous genes in virus-derived vectors.
MATERIALS AND METHODS

Cells and viruses.
Baby hamster kidney (BHK) cells stably transformed with the porcine amino peptidase N gene (pAPN) (4) and with the Sindbis virus replicon pSINrep1 (7) expressing TGEV N protein (BHK-N) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal calf serum (FCS), G418 (1.5 mg/ml), and puromycin (5 g/ml) as selection agents for pAPN and pSINrep1, respectively. Recombinant TGEVs were grown in swine testis (ST) cells (19) . ST cells were grown in DMEM supplemented with 10% FCS. Virus titration was performed on ST cell monolayers as previously described (11) .
Transfection and recovery of infectious TGEVs from cDNA clones. BHK-N cells were grown to 95% confluence on 35-mm-diameter plates and transfected with 4 g of each cDNA encoding TGEV replicon or infectious viruses, representing on average 100 molecules per cell, by using 12 g of Lipofectamine 2000 (Invitrogen) according to the manufacturer's specifications. The conditions in transfection experiments were strictly controlled: (i) the same number of cells per well was seeded (5 ϫ 10 5 cells/well); (ii) the same amount of cDNA was always transfected (100 molecules per cell); (iii) cDNA was purified using a large-construct kit (Qiagen), including an exonuclease treatment to remove bacterial DNA contamination and damaged plasmids, thus providing ultrapure DNA plasmid for transfection. For recovery of infectious TGEVs from cDNA clones, transfected cells were plated over a confluent ST cell monolayer (28) . Recombinant viruses were harvested from cell supernatant and cloned by four consecutive plaque purification steps.
Plasmid constructs. cDNAs of TGEV-derived replicons and infectious viruses (1, 2) were generated by PCR-directed mutagenesis. To generate dE-153-158, dE-133-158, dE-113-158, dE-45-158, dE-20-158, dE-6-158, dE-173-95, dE-173-45, dE-173-20, dE-173-6 , and dE-103-20 mutant replicons, the plasmid pBAC-TGEV (2), containing the TGEV genome (GenBank accession no. AJ271965), was used as template with the specific oligonucleotides shown in Table 1 . To construct 2ϩdEϩ2, 4ϩdEϩ4, and 6ϩdEϩ6 mutant replicons, two overlapping PCR fragments were obtained by using as template the pBAC-TGEV and specific oligonucleotides ( Table 1 ). All these mutated fragments generated by PCR contained AvrII sites at both ends to be introduced into the same site of TRS-N-⌬dE mutant cDNA (21) . The mutant replicons pE-75, pE-45, and pE-20 were generated by two overlapping PCR fragments, using as templates the pBAC-TGEV and the dE-173-20 plasmids, respectively, with specific oligonucleotides (Table 1) , to obtain a final AvrII-AscI DNA product. These AvrII-AscI fragments were introduced into the same sites of pBAC-REP-1 (1). REP-TRS-N-3a mutant was generated with two overlapping PCR fragments, one containing the proximal TRS-N sequence (from nucleotide Ϫ48 to ATG of gene N) and the other one the 3a gene, using as template the pBAC-TGEV and specific oligonucleotides ( Table 1 ). The resulting DNA product with AvrII and PacI sites at 5Ј and 3Ј ends, respectively, was cloned into an intermediate plasmid that contained the other PCR fragment with the CS-N (from nucleotide Ϫ12 to ATG of N gene) and N gene sequence with PacI and AscI sites at the 5Ј and 3Ј ends, respectively, generated from the template pBAC-TGEV and specific oligonucleotides (Table  1) . Finally, the AvrII-AscI fragment was introduced into AvrII-AscI sites of pBAC-REP-1 to obtain the REP-TRS-N-3a mutant. To generate the REP-TRM-3a mutant replicon, the distal TRS-N sequence (173 nt plus dE plus 20 nt) was inserted into the AvrII site of the REP-TRS-N-3a mutant cDNA. The REP-pE-3a-AD-dE and REP-3a-AD-dE mutants were generated with two overlapping PCR fragments using as template the pBAC-TGEV and specific oligonucleotides (Table 1) . To generate REP-pE-3a-AD-dE, pE-CS-N (from nucleotide Ϫ48 to ATG of the N gene) and 3a gene sequences were added to the distal element and its flanking sequences (173 nt plus dE plus 20 nt). In the case of REP-3a-AD-dE, CS-N (from nucleotide Ϫ19 to ATG of the N gene) and 3a gene sequence were added to the distal element and its flanking sequences (173 nt plus dE plus 20 nt). Both DNA products contained AvrII and PacI sites at the ends. These products were introduced into an intermediate plasmid, containing CS-N and N gene sequence with PacI and AscI sites. The final AvrII-AscI DNA products were introduced into AvrII-AscI sites of pBAC-REP-1, leading to the new mutant replicons REP-pE-3a-AD-dE and REP-3a-AD-dE. The AD-TRS-N mutant was constructed with specific oligonucleotides (Table 1) from two overlapping PCR fragments, one including the active domain sequence and another one containing the CS-N and N gene sequences. The resulting product was introduced into the AvrII and AscI sites of pBAC-REP-1. For the construction of mutants dE-173-20-A, -B, and -C, the sequences including the active domain variations and the distal element were synthesized de novo (GENEART), including AvrII sites at both ends. Synthetic gene sequences were introduced into the same site of the TRS-N-⌬dE mutant (21) . The cDNAs used to obtain mutant infectious viruses were constructed using an intermediate plasmid with the AvrII-AvrII fragment of TGEV (nucleotides 22,973 to 25,873). PCR fragments containing the sequence of the optimized transcription-regulating motif and those with mutations in the proximal and distal elements were joined to the 3a gene sequence by overlapping PCRs using as template pBAC-TGEV and specific oligonucleotides ( Table 1 ). These fragments with BmgBI sites at both sides were introduced into the same sites of the intermediate plasmid. Then, mutated TGEV AvrII-AvrII fragments were used to replace the wild-type region of pBAC-TGEV.
RNA analysis by quantitative RT-PCR. Total intracellular RNA was extracted at 24 h posttransfection (p.t.) from transfected BHK-N cells or at 16 h postinfection from ST cells infected with mutant TGEVs. RNAs were purified with the RNeasy minikit (Qiagen) according to the manufacturer's specifications. To remove transfected DNA from samples for quantitative reverse transcription-PCR (qRT-PCR) analysis, 7 g of each RNA in 100 l was treated with 20 U of DNase I (Roche) for 30 min at 37°C. DNA-free RNAs were repurified using the RNeasy minikit (Qiagen). cDNAs were synthesized at 37°C for 2 h with the (16) . For each mutant sequence, two independent replicons were constructed. Each of these constructs was analyzed in two independent transfections, and RNA from each transfection experiment was analyzed twice by qRT-PCR. To minimize transfection variability, each pair of data used for comparison came from the same transfection and qRT-PCR experiment. RNA analysis by Northern blotting. Total intracellular RNA was extracted at 16 h postinfection from virus-infected ST cells by using the RNeasy minikit 
BmgBI-S.endϩ5ЈEn VS AACACGTCCATTAATGGAACTTCAGCTGGTCTATAATATTGATCG a The mutated nucleotides are shown in bold. Restriction sites are underlined. AvrII, CCTAGG; AscI, GGCGCGCC; PacI, TTAATTAA; BmgBI, CACGTC.
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(Qiagen) according to the manufacturer's instructions. Northern blotting was performed as previously described (28) . The 3Ј-untranslated region (UTR)specific single-stranded DNA probe used for detection was complementary to nt 28,300 to 28,544 of the TGEV strain PUR46-MAD genome (23) . In silico analysis. Potential base-paring score calculations were performed as previously described (35) . ⌬G calculations were performed using the two-state hybridization server (http://www.bioinfo.rpi.edu/applications/hybrid/twostate .php) (18) . Secondary structure predictions were performed using the Mfold web server for nucleic acid folding and hybridization prediction (http://mfold.bioinfo .rpi.edu/cgi-bin/rna-form1.cgi) (33) . The analysis of sequences was performed using DNASTAR Lasergene software 7.0. Comparison of M gene RNA sequences was performed using ClustalW2/EBI (http://www.ebi.ac.uk/Tools /clustalw2/index.html).
RESULTS
Effect of the extent of complementarity between the proximal and distal elements on N gene transcription enhancement.
We previously demonstrated that the reduction in the extent of complementarity between proximal and distal elements correlated with a decrease in the transcriptional activation of sgmRNA N (21) . In order to analyze whether an increase in the extent of complementarity between proximal and distal elements led to a further increase in sgmRNA N transcription, the nucleotides flanking the distal element were mutated to make them complementary to those nucleotides flanking the proximal element. A set of three mutants was engineered by reverse genetics using a TGEV-derived replicon (E2-TRS-N) (21) . This replicon included the N gene sequence preceded by a proximal TRS-N (nt Ϫ1 to Ϫ120 in relation to the start codon of gene N), which contained the CS-N and the proximal element. Preceding the proximal TRS-N, the distal region, including nt 136 to 490 of the M gene coding sequence, which contains the distal element, was inserted ( Fig. 1A) . The E2-TRS-N replicon efficiently enhanced sgmRNA N transcription, as previously shown (21) . A mutant replicon including four point mutations, two at each side of the distal element (2ϩdEϩ2 mutant) increased in 4 nucleotides the complementarity between the proximal and distal elements at homologous positions. With these modifications the complementarity between the proximal and distal elements was increased from 9 nucleotides in the wild-type context (E2-TRS-N) to up to 13 nucleotides in the 2ϩdEϩ2 mutant ( Fig. 1A) . In other engineered replicons (4ϩdEϩ4 and 6ϩdEϩ6 mutants), 4 or 6 point mutations were introduced at the 5Ј-and 3Ј-flanking positions of the distal element, respectively, which increased the complementarity between the proximal and distal elements up to 17 and 21 nucleotides, respectively ( Fig. 1A ). Since efficient RNA synthesis in TGEV is associated with the pres-ence of the viral nucleoprotein (34) and N protein expression could be affected in these mutants, the analysis of N gene transcription was performed in BHK cells expressing the N protein in trans (BHK-N) (1), to exclude any potential variation in transcription due to the availability of N protein. BHK-N cells were transfected with the cDNAs encoding mutant replicons, and the level of intracellular sgmRNA N was analyzed by qRT-PCR. The forward primer used for qRT-PCR analysis of sgmRNA N hybridized with the viral leader sequence, while the reverse primer hybridized within the N gene coding sequence ( Table 2 ). These oligonucleotides specifically detected sgmRNA N synthesized from the TGEV-derived replicon, since mRNA N expressed from the Sindbis virus plasmid in BHK-N cells did not include the TGEV leader sequence. The amount of sgmRNA N in relation to that of genomic RNA (gRNA) was determined. This sgmRNA N/gRNA ratio in the reference control, the TRS-N-⌬dE replicon, was defined as 1.
In this control replicon the distal element was absent (TRS-N-⌬dE), and the levels of N gene transcription were regulated by proximal TRS-N sequences, including the proximal element, but not by the interaction between the proximal and distal elements, leading to basal transcriptional levels of sgmRNA N (21) . As a positive control, the replicon E2-TRS-N was used (21) . An increase of the complementarity between the proximal and distal elements in the new mutants led to a significant increase in sgmRNA N levels compared to those of the replicon E2-TRS-N with the wild-type sequences (Fig. 1B) . A linear correlation was established between the proximal and distal element extent of complementarity and the accumulation of sgmRNA N, reaching a maximum for the 4ϩdEϩ4 mutant ( Fig. 1B) . A further increase in complementarity from the 4ϩdEϩ4 to 6ϩdEϩ6 construct did not produce a significant increase in sgmRNA N transcription ( Fig. 1B) . Since the number of complementary nucleotides is proportional to the ⌬G of the RNA-RNA interaction, this result showed that the decrease in the free energy associated with the distal and proximal elements interaction, that is, the increase in stability, had a positive effect on N gene transcription enhancement.
Relevance of distal element flanking sequences for N gene transcription enhancement. The distal element was previously shown to be essential for N gene transcription enhancement (21) in a context that included 5Ј-and 3Ј-flanking sequences of 173 and 158 nt, respectively (21) . To determine the minimal sequences flanking the distal element required for transcriptional activation of sgmRNA N, in a first approach, six 5Ј deletion mutants were generated, maintaining constant the 158 respectively) ( Fig. 2A) . BHK-N cells were transfected with the cDNAs encoding mutant replicons, and the levels of intracellular sgmRNA N were analyzed by qRT-PCR. Replicons dE-153-158, dE-133-158, and dE-113-158 led to a 5-to 6.75-fold increase, whereas the positive control, the E2-TRS-N mutant, with 173 nt flanking the 5Ј side of the distal element, showed around an 8-fold increase above reference transcription levels of the TRS-N-⌬dE replicon ( Fig. 2A) . In contrast, mutants with smaller distal element 5Ј-flanking sequences (dE-45-158, dE-20-158, and dE-6-158 mutants) showed significantly reduced transcriptional activity, similar to that of the TRS-N-⌬dE replicon ( Fig. 2A ). This result indicated that the interaction between proximal and distal elements by itself was not enough to enhance the transcription of the N gene. In addition, the proximal distal element 5Ј-flanking sequences (45 nt) were not sufficient for N gene transcriptional enhancement, and the more distant sequences on 5Ј flanks of the distal element (nt 173 to 45) were essential for the increase of the transcriptional activity ( Fig. 2A) .
To evaluate the relevance of the distal element 3Ј-flanking sequences in N gene transcription, four deletion mutants were generated, maintaining constant the 173 nt of the distal element 5Ј-flanking sequences and including 95, 45, 20, or 6 nt of the distal element 3Ј-flanking sequence (mutants dE-173-95, dE-173-45, dE-173-20, and dE-173-6, respectively) ( Fig. 2B ). All these 3Ј deletion mutants maintained or even increased sgmRNA N transcriptional activity compared to the E2-TRS-N positive control (Fig. 2B ). The activity of the dE-173-6 mutant was similar to that of the E2-TRS-N positive control, indicating that the distal element 3Ј-flanking sequences consisting of only 6 nt were enough for sgmRNA N transcriptional activation. In contrast, the other 3Ј deletion mutants, including 20, 45, or 95 nt of the distal element 3Ј flanking sequences, enhanced sgmRNA N transcription more efficiently than the E2-TRS-N positive control, indicating that the distal element 3Ј-flanking sequences were not essential for activity. The deletion of the distal element 3Ј-flanking sequences did not affect the structure predicted by the Mfold program for mutant replicons at either the level of distal and proximal element interaction or the secondary structure predicted for the 5Ј flanking sequences of the distal element ( Fig. 3B) . Therefore, the deletion of sequences between the proximal and distal elements had a positive effect on N gene transcription enhancement.
We have shown that distant sequences on the 5Ј flank of the distal element are essential to enhance N gene transcription ( Fig. 2A) . To analyze whether these distant sequences (nt Ϫ173 to Ϫ45 with respect to the distal element) alone would maintain transcriptional enhancement, the dE-103-20 mutant replicon, including the most-5Ј 103 nt, was constructed (Fig. 3) . The transcription activity of the dE-103-20 mutant was similar to that of the TRS-N-⌬dE replicon ( Fig. 3 ), suggesting that the 173-nt complete region on the 5Ј flank of the distal element was also required to enhance N gene transcription. This sequence was named the active domain (AD). Deletion of distal element 5Ј-flanking sequences in the dE-103-20 mutant replicon did not affect the distal and proximal elements interaction, according to the secondary structure predictions. Since in this mutant replicon the active domain is partially deleted (Fig. 3) , its secondary structure is not maintained (Fig. 3C) . Relevance of the proximal element 5-flanking sequences in N gene transcription enhancement. It has been observed that the deletion of the sequences between the distal and proximal elements increased N gene transcriptional activity (Fig. 2B) . In order to bring into closer proximity the proximal and distal elements, three new deletion mutants in the proximal element 5Ј-flanking sequences were engineered (Fig. 4) . The new replicon mutants pE-75, pE-45, and pE-20 conserved the same distal element 5Ј-and 3Ј-flanking sequences of the dE-173-20 replicon (173 and 20 nt at the 5Ј-and 3Ј-flanking sequences, respectively). In these mutants the proximal element 5Ј-flanking sequences were reduced to 75, 45, and 20 nt, respectively ( Fig. 4) . BHK-N cells were transfected with the cDNAs encoding mutant replicons, and the levels of intracellular sgmRNA N were analyzed by qRT-PCR. The three mutants (pE-75, pE-45, and pE-20) showed the same N gene transcriptional activity, with a 16-fold increase above the reference levels in the TRS-N-⌬dE replicon. This activity was higher than that of the dE-173-20 mutant, which showed a 12.6-fold increase (Fig. 4) . These results indicated that the proximal element 5Ј-flanking sequences are not required for N gene transcription enhancement. Furthermore, it was confirmed that the deletion of the sequences between the proximal and distal elements had a positive effect on N gene transcription enhancement. The results also indicated that maximal transcriptional activity for the N gene was reached with the mutant replicon pE-75, in the sense that further reductions in the distance between proximal and distal elements (pE-45 and pE-20) did not lead to an increase in N gene transcription enhancement.
The region of the genome (642 nt upstream of the ATG of N gene) that includes the proximal and distal elements together with their flanking sequences responsible for the specific transcriptional regulation of the N gene was named the transcription-regulating motif (TRM) (Fig. 5A ). Integrating all previous results, it can be concluded that an optimized transcription-regulating motif (TRM opt ), with a minimum size of 250 nt (pE20 mutant), was engineered using the native TRM (642 nt) by the deletion of genome nt 26483 to 26874 located within the 3Ј end of the M gene, between proximal and distal elements (Fig.  5A ). This optimized RNA motif led to transcription levels 4-fold higher than that of the original transcription-regulating motif sequence (21) . The RNA secondary structure of the active domain and the interaction between the proximal and the distal elements were maintained in the optimized transcription-regulating motif, according to the Mfold predictions ( Fig. 5B) .
Transcriptional regulation of another gene by the transcription-regulating motif and relevance of the relative positions of transcription-regulating motif elements. In TGEV the N gene is expressed under the control of the native transcription-regulating motif (21) . In this study the influence of the transcrip- In addition, the relevance of the relative positions of the transcription-regulating motif elements (proximal and distal elements and the active domain) on transcription enhancement was studied. To these ends, four new mutants were constructed (Fig. 6 ). In mutant REP-TRM opt -3a, the 3a gene was preceded by the optimized transcription-regulating motif sequences. As a control, the REP-TRS-N-3a mutant, lacking the active domain and the distal element, was constructed ( Fig. 6A) . BHK-N cells were transfected with the cDNAs encoding mutant replicons, and the levels of intracellular sgmRNA N were analyzed by qRT-PCR. The REP-TRM opt -3a mutant showed an efficient 3a gene transcription enhancement of around 13-fold, indicating that the optimized transcription-regulating motif increased the expression of the 3a gene (Fig. 6B ). 
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To study whether the active domain and the distal element have to be located upstream of the gene and the proximal element, mutant REP-pE-3a-AD-dE was constructed. In this case the 3a gene was preceded by the N gene-proximal TRS, including the proximal element. The sequences comprising the active domain and distal element were relocated downstream of the 3a gene. Mutant REP-3a-AD-dE, designed as a negative control, was derived from REP-pE-3a-AD-dE by deleting the proximal element preceding the 3a gene (Fig. 6A) . The REP-pE-3a-AD-dE mutant showed background 3a gene transcription levels, similar to those of the negative control, REP-3a-AD-dE ( Fig. 6B) , indicating that the active domain and distal element had to be located upstream of the transcriptionally regulated gene.
The active domain sequence located just upstream of the N gene core TRS enhances transcription of the N gene. In order to analyze the relevance of the active domain in N gene transcription enhancement, a new mutant replicon, AD-TRS-N, in which the proximal and distal elements and the sequences between these motifs were deleted, was constructed, relocating the active domain sequence immediately preceding the CS of the N gene (Fig. 7) . The position of the active domain sequence in this mutant mimicked the position that this domain would have in the presence of the interaction between the proximal and distal elements, that is, close to the 5Ј side of the CS-N. BHK-N cells were transfected with the cDNAs encoding mutant replicons, and the levels of intracellular sgmRNA N were analyzed by qRT-PCR. Interestingly, the AD-TRS-N mutant with the proximal and distal elements deleted enhanced 5-fold N gene transcription compared to the expression of the reference replicon TRS-N-⌬dE, which lacks the active domain and distal element. The observed increase in transcription was similar to that of replicon REP-1, which contains the transcription-regulating motif present in the native virus ( Fig. 7) . Nevertheless, the transcriptional activity of the replicon missing the proximal and distal elements (AD-TRS-N mutant) was 3-fold lower than that of the pE20 mutant, containing the complete optimized transcription-regulating motif (Fig. 7) . This result indicated not only that the physical location of the active domain sequence just upstream of CS-N was sufficient for transcription enhancement, but also that the interaction between the proximal and distal elements was required for optimal transcription enhancement.
Requirement of the primary RNA sequence of the active domain for transcriptional activation. Mfold RNA secondary structure predictions of the active domain showed that it probably adopts a stable secondary structure with two hairpins (Fig.  5B ). When the hairpin at the 5Ј side was deleted (dE-113-158 mutant [ Fig. 2A]) , 80% of the activity was maintained by the 3Ј hairpin. To analyze the functional relevance of the active domain secondary structure, in mutant dE-173-20-A ( Fig. 8A and  B) the hairpin located at the 3Ј side was replaced by another one with a different nucleotide sequence but with the same secondary structure and similar stability (Fig. 5B ) of the corresponding wild-type region, according to Mfold predictions. In a second construct (mutant dE-173-20-B), the 3Ј hairpin was replaced by another one with a different nucleotide sequence and secondary structure, but with similar length and stability, based on Mfold predictions ( Fig. 8A and C) . In an alternative construction (mutant dE-173-20-C), the 3Ј hairpin was replaced by another one with similar stability, but without similarities in primary sequence, length, or structure ( Fig. 8A and  D) . After replicon transfection into BHK-pAPN-N cells, sgmRNA N levels were analyzed. N gene transcription levels of mutants dE-173-20-A, -B, and -C were similar to those of the TRS-N-⌬dE reference replicon and 12-fold lower than those of the dE-173-20 positive control, including the wild-type se- (Fig. 8E) . The active domain mutant with the different nucleotide sequence that maintained a similar secondary structure (dE-173-20-A) completely lost its activity, indicating that the specific RNA primary sequence of the active domain was essential to maintain active domain activity. Transcription enhancement of gene 3a by the transcriptionregulating motif in a full-length TGEV infectious virus. The transcription enhancements shown above were obtained using TGEV-derived replicons. To analyze the effect of the optimized transcription-regulating motif in the context of a TGEV infectious virus, three different versions of the optimized transcription-regulating motif were introduced in a cDNA encoding the TGEV genome (Fig. 9A) . Wild-type TRS-3a was replaced either by the optimized transcription-regulating motif (TGEV-TRM opt -3a) or by a modified optimized transcriptionregulating motif with extended complementarity (from nt 9 to 19) between the proximal and distal elements (TGEV-TRM opt-19 -3a) (Fig. 9B) . In order to avoid potential interactions between the proximal and distal elements controlling the expression of gene 3a in the optimized transcription-regulating motif and the proximal and distal elements regulating the transcription of the N gene in the native TGEV (21), a recombinant TGEV-TRM opt *-3a was engineered that included alternative complementary proximal and distal elements (Fig. 9B ). Since the extent of the complementarity between the proximal and distal elements is relevant in transcriptional activation, the new proximal and distal elements were designed to conserve a ⌬G associated with the base-pairing of the interaction similar to that in the wild-type virus. The wild-type 9-nt sequence of the distal element (5Ј-AUAUGUAAU-3Ј) in the optimized transcription-regulating motif was replaced by a new distal element (5Ј-UUAAAGUUA-3Ј) in TGEV-TRM opt *-3a virus. At the same time, the proximal element was replaced by a new sequence (5Ј-UAACUUUAA-3Ј), complementary to that of the new distal element. The cDNAs containing the mutant genomes were transfected into BHK-N cells to rescue the infectious viruses. The three viruses were plaque purified four times. The region of the genome where the optimized transcription-regulating motif was introduced was sequenced. No deletions or nucleotide substitutions were identified in the optimized transcription-regulating motif region (data not shown). Therefore, the recombinant viruses were stable along passages in cell culture.
Northern blot analysis of viral RNAs showed similar sgmRNA expression patterns for the wild-type and mutant viruses (Fig. 9C) , meaning that no alternative sgmRNAs were detected in mutant viruses. The relative amount of sgmRNA 3a/gRNA in the mutant virus was significantly increased compared to the wild-type virus. Quantitative RT-PCR confirmed that the levels of the sgmRNA-3a expressed by mutant viruses TGEV-TRM opt -3a, TGEV-TRM opt-19 -3a, and TGEV-TRM opt *-3a were 4-to 5-fold higher than those of the wild type. Additionally, the levels of sgmRNAs M, N, and 7, located downstream of gene 3a, showed a minor increase in relation to the wild-type virus, although this enhancement was not statistically significant. In contrast, the levels of sgmRNA S, located upstream of gene 3a, showed a slight reduction, which was also statistically irrelevant (Fig. 9D) . These results indicated that only the sgmRNA 3a was significantly and specifically enhanced in mutant viruses (Fig. 9D) . Therefore, the optimized transcription-regulating motif also increased the transcription of an alternative gene, located in a genome position different from that of gene N, in the context of the infectious virus. No significant differences were found between the transcriptional activation in TRM opt -3a and TRM opt *-3a mutant viruses, indicating that proximal and distal elements of TRM opt -3a did not interfere with the proximal and distal elements in the original transcription-regulating motif controlling the expression of the N gene. Additionally, a slight increase in transcription of gene 3a was observed in virus TGEV-TRM opt-19-3a compared to that of TRM opt -3a virus, as expected from the higher stability of the proximal and distal elements interactions.
DISCUSSION
CoV transcription is regulated by many factors (5) , including the base-pairing between TRS-L and the complement of TRS-B in the nascent RNA, which represents the main driving force in the regulation of CoV sgmRNA transcription (28, 35) . We previously identified an additional transcription regulation mechanism specifically enhancing the transcription of the TGEV N gene (21) . This second level of regulation, specifically affecting N gene expression, is mediated by a long-distance RNA-RNA interaction between two 9-nt complementary sequences (21) . In this work, we extended this observation and provided evidence for novel elements essential for this transcription enhancement. The relevance of the complementarity between proximal and distal elements was initially analyzed by disrupting this complementarity (21) . In this study, the effect of extending the complementarity between proximal and distal elements up to 21 nt confirmed a direct correlation between the extent of complementarity and transcriptional enhancement. A novel observation of this study was the identification of a sequence flanking the 5Ј side of the distal element that was essential for transcription enhancement. In contrast, the distal element 3Јflanking sequence and proximal element 5Ј-flanking sequences were not necessary. Furthermore, their deletion, which decreased the distance between proximal and distal elements, increased transcriptional enhancement. An optimized transcription-regulating motif was obtained, containing 250 nt, instead of the 642 nt of the native transcription-regulating motif (Fig. 5 ). The optimized transcription-regulating motif led to a 4-fold increase in transcription levels in relation to the native sequence in the context of the CoV replicon.
The relevance of the relative position of transcription-regulating motif elements (active domain and proximal and distal elements) on transcriptional activation has been shown. The active domain and the distal element need to be located upstream of the proximal element and of the gene that is being regulated by the transcription-regulating motif. In addition, the transcription-regulating motif activity was independent of its position within the replicon and the nature of the transcribed gene. When the optimized transcription-regulating motif was located preceding the 3a gene, in a position more distal from the 3Ј end of the genome than that of the N gene, the activity of the transcription-regulating motif was essentially maintained, indicating that the enhancer activity was conserved at different genome positions.
Interestingly, the optimized transcription-regulating motif was also relocated within the genome of TGEV infectious viruses, and the transcriptional enhancement was still conserved. Recombinant full-length TGEV infectious viruses with the optimized transcription-regulating motif controlling the expression of the 3a gene were stable. Neither changes in the introduced sequence nor changes in the expression pattern of viral sgmRNAs were observed, as confirmed by quantitative analysis of S, M, N, and 7 sgmRNA levels (Fig. 9D) . The significant 5-fold increase in transcription promoted by the optimized transcription-regulating motif in infectious viruses supports the potential use of the these transcription regulating sequences to enhance the transcription of foreign genes in CoV-derived expression vectors.
A novel observation of this study was the effect of the active domain by itself on transcription enhancement, in the absence of the proximal and distal elements. Transcription levels enhanced just by the active domain were similar to those observed with the original transcription-regulating motif. These levels could be increased 3-fold by using the optimized regu-lating sequences. These results suggest that the active domain was sufficient to enhance transcription when located immediately upstream of CS-N. Nevertheless, the long-distance RNA-RNA interaction between proximal and distal elements was required to reach maximum transcriptional activation, possibly because the interaction between the proximal and distal elements led to a more efficient conformation of the active domain to enhance the frequency of template switching of the nascent negative RNA to the leader TRS (Fig. 10) .
The previously described proximal and distal elements were conserved in CoV ␣1 genus viruses (21) . The active domain, a new component of the transcription-regulating motif, was also mainly conserved within this genus as evaluated by using the ClustalW2 program. The active domain is located in the same genome position (nt 136 to 332 of the gene M coding sequence) of genus ␣1 viruses TGEV, canine coronavirus (CCV), and feline infectious peritonitis virus (FIPV). Sequence similarities between the TGEV active domain and those of CCV and FIPV were 94% and 90%, respectively. The RNA secondary structure predictions of distal element 5Јflanking sequences in the deletion mutants showed that the constructs that had lost the enhancer activity (dE-45-158, dE-20-158, dE-6-158, and dE-103-20) did not include the 3Ј hairpin of the active domain, while those that had preserved activity (dE-153-158, dE-133-158, and dE-113-158) did maintain this 3Ј hairpin. These results confirmed that the active domain was required to enhance N gene transcription (Fig. 2) . Based on Mfold predictions, the 3Ј hairpin region of the active domain (113 nt) of TGEV is highly structured and is mainly conserved in members of CoV genus ␣1. Only two and three point mutations present in CCV and FIPV, respectively, disrupted base pairs in the RNA secondary structure compared to the TGEV active domain structure (data not shown). The phylogenetic conservation of transcription-regulating motif elements reinforces the relevance of this specific transcriptionregulating mechanism. Interestingly, in CoV genus ␣1 viruses, the N gene was not located at the most 3Ј position in the FIG. 10. Working model for transcriptional regulation of the N gene by the transcription-regulating motif. The TGEV genome is represented by a black line. The gray line below represents nascent minusstranded RNA. RNA secondary structure prediction of the AD is represented by two gray hairpins. CS-N and cCS-N (complement of the CS-N) are represented by boxes. The 9-nt sequences of the proximal and distal elements are represented by boxes. The long-distance RNA-RNA interactions between the proximal and distal elements in the plus-stranded RNA are indicated by thin lines between the boxes. This interactions would relocate the AD in close proximity to the CS-N and contribute to stop the transcription complex during the synthesis of the minus-stranded RNA, therefore promoting the template switch to the TRS-L from the TRS-N. 5ЈAD, 5Ј hairpin of the active domain; 3ЈAD, 3Ј hairpin of the active domain.
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MATEOS-GÓ MEZ ET AL. J. VIROL. on March 7, 2015 by MONASH UNIVERSITY http://jvi.asm.org/ genome, in contrast to other CoVs, in which the N gene is the last one in the genome, thus favoring production of the essential N protein. In ␣1 genus viruses, the most 3Ј gene is gene 7, and a regulatory mechanism, such as the one described in this paper, was probably incorporated during evolution to improve N gene transcription (1, 10, 34) . Mutational analysis of the active domain showed that preserving RNA secondary structure and stability was not sufficient to maintain transcriptional activity and that the primary sequence was also necessary for its function. These results strongly suggested that the sequence of the active domain was required for a possible RNA-RNA or RNA-protein interaction essential to stop minus-stranded RNA synthesis, and promote the template switch. Further studies are being performed to identify the mechanism involved in this transcription enhancement. Transcription-regulating mechanisms similar to that described for the TGEV transcription-regulating motif have also been identified in other plus-stranded RNA viruses, such as tombusviruses. In tomato busy stunt virus (TBSV), the transcription of sgmRNA1 and sgmRNA2 is regulated by a longdistance RNA-RNA interaction (12) . The complementarity between RNA sequences forms a higher-order RNA structure that modulates transcription (29) . However, at variance with our results, in TBSV it has been demonstrated that a doublestranded RNA structure with a similar stability and an unrelated primary sequence can replace the native structure and maintain the transcription enhancement (29) . These RNA structures would act as a physical barrier, stopping the transcription complex in tombusvirus, increasing the frequency of a premature termination of the minus-stranded RNA synthesis at a specific position (29) . Viral RNA synthesis relies on a diverse set of RNA sequences and structural motifs located throughout the genome (15) . Knowledge of CoV genome tertiary structure is still incomplete, although the relevance of several short-distance RNA-RNA interactions involved in CoV RNA synthesis, such as the kissing-loop interaction within the 3Ј-UTR of bovine CoV (30) and mouse hepatitis virus, has been shown (8) . For CoV discontinuous transcription, a long-distance interaction must occur between TRS-L and the TRS-B, most probably mediated by RNA-protein and RNA-RNA precomplexes bringing into proximity the TRS-L and each of the TRS-Bs (27) . The regulatory role of long-distance RNA-RNA interactions is shown in many viral life cycles participating in translation, replication, genome circularization, or transcription (15, 20) . The turnip crinkle virus (TCV) 3Ј-UTR is an interactive tertiary structure for which different RNA-RNA interactions cause changes that regulate the switch between translation and replication (32) . In TBSV these sorts of interactions between a diverse array of sequences are involved in translation, replication, and transcription regulation and constitute a well-characterized viral system (31) . The synthesis of sgmRNAs in different viral systems, and by distinct transcription mechanisms, frequently seems to involve long distance RNA-RNA interactions. In the potato virus X (PVX), with an internal initiation of transcription in a full-length minus-stranded genome, an octanucleotide sequence located within the 5Ј-UTR, interacts with central conserved sequences that precede each gene promoting sgmRNA synthesis (9) . The mechanism of transcription by premature termination during the synthesis of the minus-stranded RNAs requires long-distance RNA-RNA interactions. As described above, this in cis RNA-RNA interaction operates in TBSV but also takes place during the expression of subgenomic RNA3 in Flock House virus (FHV) (14) . An 11-nt sequence located just upstream of the RNA3 start site is complementary to another sequence mapping 1.5 kb upstream in the viral genome. The complementarity between these two sequence motifs, and not the primary sequence, was essential to increase transcription levels (14) . Whereas, in red clover necrotic mosaic virus (RCNMV) an intermolecular interaction between two segments of the genome promotes the synthesis of the sgmRNA by premature termination (26) . These examples and the novel results described for CoV illustrate the relevance of the long-distance RNA-RNA interactions and the diversity of viral processes in which they are involved.
